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Abstract 
Ga doping of CdS thin films has been achieved using a simplified cathodic electrodeposition 
method and with glass/ indium tin oxide (glass/ITO) as a substrate. CdCl2, Na2S2O3 and GaCl3 
were used as precursors. The Ga-doped and un-doped CdS films obtained were characterized for 
their structural, optical, luminescence, compositional and morphological properties using state-
of-the-art X-ray diffraction (XRD), spectrophotometry, room-temperature photoluminescence 
(PL), energy dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM), 
respectively. XRD results show that the presence of Ga ions in the deposition electrolyte and 
post-deposition annealing promote crystallinity of deposited CdS films, with estimated crystallite 
sizes of the films in the range (5 – 22) nm after annealing. Optical characterization results show 
that incorporation of Ga atoms into the crystal lattice of CdS results in increase in energy 
bandgap of the films, which makes them advantageous for application as window/buffer layers in 
solar cells. PL results show a single green emission peak whose intensity increases as Ga-content 
of the films increases. EDX results show a direct relationship between the percentage atomic Ga 
composition of the CdS:Ga films and the molar concentration of GaCl3 in the deposition 
electrolyte. SEM images reveal smooth surfaces of doped and un-doped CdS films. However, 
after annealing, cracks begin to develop in the films grown with electrolytic GaCl3 concentration 
in excess of 0.004 M, thus indicating a possible threshold in GaCl3 concentration for obtaining 
device-grade CdS:Ga films. The entire work presents one of the strengths of electrodeposition as 
a reliable semiconductor growth technique for device application.   
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1 Introduction 
The importance of CdS as a semiconductor material cannot be over emphasized. Over the years, 
it has proven to be a very important member of the II-VI semiconductor family, playing 
significant roles in various types of semiconductor devices ranging from thin film transistors [1] 
to diodes [2], photoresistors [3], piezo transducers [4], luminescence devices [5], non-linear 
optics [6], solar cells [7] and so on. As a result, it has attracted huge research attention and 
continues to do so. A range of techniques have also been used to produce CdS both in bulk and 
thin film forms. These methods include close space sublimation [8], thermal evaporation [9], 
sputtering [10], spray pyrolysis [11], metal organic chemical vapour deposition [12], pulsed laser 
deposition [13], molecular beam epitaxy [14], sol-gel [15], chemical bath deposition (CBD) [16] 
and electrodeposition [17]. With the opening up of renewable energy as a new field of 
technology in recent times, there has been a renewed interest in the research on CdS with respect 
to its application in solar cells. To this end, CdS has found an enviable application as a reliable 
window/buffer material in thin film solar cells based on CuS [18], CdTe [7], Cu(InGa)Se2 
(CIGS) [19] and Cu2ZnSnS4 (CZTS) [20].  
Attempts have been made to effectively replace CdS as a solar cell window material in recent 
times, due to its Cd-content, but these have not really succeeded much [21], making CdS still 
stand out as a reliable material. However, there are still two major issues with the application of 
CdS as a window/buffer material apart from the fear of Cd toxicity. These are: its high 
absorption coefficient, which leads to window absorption and therefore limiting the short-circuit 
current density of solar cells; and its high resistivity which in addition, increases the solar cell 
series resistance and therefore lowers the fill factor. In both cases, the overall conversion 
efficiency of the solar cell is adversely affected. To mitigate the effect of high absorption 
coefficient, the CdS window layer is usually made considerably thin in solar cells, although 
extremely thin CdS can lead to leakages in the cell and still compromise the fill factor. An 
alternative approach is alloying and doping with appropriate elements. To address the issue of 
high resistivity, doping with appropriate donor atoms has been carried out. Such donor atoms can 
conveniently come from the group III elements of the periodic table. These include, B, Al, Ga, In 
and Tl [11, 22 - 26].  
In the present work, we have carried out Ga doping of CdS thin films using simplified 2-
electrode electrodeposition method with indium tin oxide (ITO) as substrate and GaCl3 as source 
of Ga ions. We have done this for three main reasons. First, Ga doping of CdS thin films using 
electrodeposition method has not been reported. The very few available reports of Ga doping of 
CdS involved mainly chemical bath deposition [23, 24], solvothermal method [25] and thermal 
evaporation [26].  The use of electrodeposition in producing CdS or CdS:Ga is aimed at 
providing a single industrial production line in the preparation of both CdS window/buffer 
material and CdTe, CIGS or CZTS absorber material, as a way of simplifying production process 
and therefore bringing down cost of solar cell production. This becomes important since all three 
above mentioned absorber materials can also be produced by electrodeposition method for high 
efficiency solar cells [19, 27 - 29]. Second, the use of GaCl3 as Ga precursor in producing 
CdS:Ga has not been explored. The few available reports have employed mainly Ga(NO3)3 [23 - 
25], elemental Ga and Ga2O3 [26]. Since we had previously established and reported the 
electrodeposition of CdS using CdCl2 as Cd precursor [17, 30], we therefore decided to use 
GaCl3 as source of Ga doping without introducing additional elements into the deposition 
electrolyte other than those from the Cd and S precursors. Third, ITO has not been employed as 
substrate for this purpose. The available reports have also employed borofloat glass [23], 
fluorine-doped tin oxide (FTO) and glass/Mo substrates [24]. The result of the electrodeposition 
and characterization of Ga-doped CdS thin films on ITO substrates are therefore presented and 
discussed in the following sections.   
 
2 Experimental details 
The electrolytic bath used for this work principally contains aqueous solution of 0.3 M 
CdCl2.H2O (99.9%, Sigma-Aldrich, South Africa) and 0.03 M Na2S2O3.5H2O (analytical reagent 
grade, Laboratory Consumables, South Africa) in 400 mL inside a 600 mL beaker. The pH of the 
electrolyte was maintained at 1.80±0.02. Prior to the deposition of CdS, the electrolyte was 
heated on magnetic stirrer heater to a temperature of 80±2 °C with moderate stirring, and a cyclic 
voltammetry taken to study the CdS deposition process. The substrate used for the voltammetry 
and subsequent deposition was glass/ITO glass, cleaned with acetone, methanol and de-ionized 
water. From the resulting cyclic voltammogram obtained and presented in fig. 1, the possible 
cathodic deposition potentials for CdS was identified to lie between 1300 mV and 1700 mV.  
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Fig. 1 Cyclic voltammogram of aqueous solution of 0.3 M CdCl2 + 0.03 M Na2S2O3 on 
glass/ITO at pH of 1.8±0.02 and temperature of 80±2 °C. 
However, because we had earlier established the cathodic deposition potential of 1450 mV for 
this electrolytic bath using fluorine-doped tin oxide (FTO) as substrate [17, 30], we decided to 
settle for 1450 mV (which lies in the neighborhood of the intersection of the forward and reverse 
sweeps in fig. 1) as the preferred deposition potential in this present work, without further 
experimentation. At this potential therefore we proceeded to deposit CdS on ITO for 45 minutes 
at moderate stirring. This sample serves as the un-doped CdS with no Ga3+ in the electrolyte. The 
reason for growing up to 45 minutes is to get sufficiently thick layer for characterization purpose, 
where the features (especially the X-ray diffraction patterns) will be clearly visible.  For solar 
cell window application, deposition for few minutes is ideal. 
In order to proceed with the Ga-doping of CdS, different amounts of GaCl3 (99.99%, DLD 
Scientific, South Africa) were added into the deposition electrolyte in successive steps. The 
[Ga]/[Cd] ratios used were 1/100; 1/75; 1/50; 1/25 which correspond to 0.003 M (1%); 0.004 M 
(1.33%); 0.006 M (2%) and 0.012 M (4%) of GaCl3, respectively. In each case, CdS:Ga film was 
electrodeposited for 45 minutes. Each CdS sample was divided into two and one part annealed at 
400 °C for 20 minute in air atmosphere.   
After annealing, all the as-deposited and annealed CdS and CdS:Ga samples were characterized 
for their structural, optical, luminescence, compositional and morphological properties using X-
ray diffraction (XRD), UV-vis spectrophotometry, room temperature photoluminescence (PL), 
energy dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM). The 
results of these characterizations are presented and discussed in the next section. 
 
3 Results and discussion 
Figure 2 shows the X-ray diffraction patterns of un-doped and Ga-doped CdS thin films in both 
as-deposited and annealed forms. In as-deposited form, fig. 2(a) shows the CdS films to consist 
of mixed hexagonal and cubic phases, indexed by the JCPDS reference file numbers 01-075-
1545 for hexagonal CdS and 00-021-0829 for cubic CdS. The un-doped film with 0.0 M of Ga in 
the deposition electrolyte tends to be amorphous or weakly crystalline, with no clearly visible 
diffraction peaks. The positions where the peaks should appear are defined by weak humps. The 
only visible peaks are those from the underlying ITO substrate. We attribute this amorphous 
nature to the effect of the ITO substrate used, as we had previously obtained very crystalline CdS 
on FTO substrate under the same conditions used in the present work [17, 30]. The effect of the 
presence of Ga in the electrolyte in the form of GaCl3 is very evident in the appearance of clearly 
defined diffraction peaks for all the films with Ga concentration from 0.003 M to 0.012 M. 
Therefore, the presence of Ga promotes the electrocrystallization of CdS by the incorporation of 
Ga into the crystal lattice of CdS, with the cubic CdS phase taking dominance over the 
hexagonal phase in the as-deposited form. This is evident in the improvement of intensity of the 
(200) peak of the cubic phase, as well as   narrowing of the full width at half maximum (FWHM) 
and the corresponding increase in crystallite size, as can be seen in Table 1. The crystallite size 
and other crystallographic parameters were estimated from Eqs. (1) – (4). 
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Where D is the crystallite size, λ is X-ray wavelength, which is 1.54 Å, β is FWHM of the 
diffraction peaks, θ is the diffraction angle, n is an integer and h,k,l are the miller indices. Eq. (3) 
is for hexagonal structure while Eq. (4) is for cubic structure. 
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Fig. 2 XRD patterns of (a) as-deposited and (b) annealed un-doped and Ga-doped CdS thin films 
as a function of Ga concentration in the electrolyte. 
The crystallite sizes of the as-deposited CdS:Ga films using the most prominent peak of the 
cubic phase are in the range (9 - 27) nm, increasing consistently with increase in Ga 
concentration. It should be noted here however, that any peak broadening due to instrument and 
strain effects were neglected in the estimation of these crystallite sizes. The results of analysis of 
the most prominent cubic (200) peak are presented in Table 1. The Table shows that the 
structural parameters obtained are very close to those in the JCPDS reference file mentioned 
above. The lattice constant (a) and inter-planar spacing (d) both slowly decrease below the 
standard values as Ga concentration increases in the deposition electrolyte, indicating a reduction 
in the unit cell volume of the crystal. Ga has a smaller ionic radius of 0.62 Å compared to Cd 
with ionic radius of 0.95 Å while both elements have comparable atomic radii (1.53 Å for Ga 
and 1.52 Å for Cd). Therefore, a possible replacement of Cd2+ by Ga3+ in CdS, will likely result 
in the observed reduction in the lattice parameters, as well as in improvement of the n-type 
conductivity of CdS. This also suggests that Ga incorporation into CdS took place 
substitutionally. The fact that there are no observed diffraction peaks belonging to interstitial Ga 
supports this argument.  
 
Table 1 Structural parameters of (200) peak of the cubic phase of as-deposited CdS:Ga samples 
with mixed cubic and hexagonal phases. 
Ga conc 
(M) 
2θ (°) 
Ref = 32.78° 
FWHM 
(°) 
D 
(nm) 
d (Å) 
Ref = 2.73 Å 
Lattice constant (Å) 
Ref: a = 5.45 (Å) 
0.000 - - - - - 
0.003 33.02 0.9150 9 2.71 5.42 
0.004 32.99 0.6392 13 2.71 5.42 
0.006 33.14 0.3778 22 2.70 5.40 
0.012 33.12 0.3088 27 2.70 5.40 
Reference JCPDS file for cubic CdS: 00-021-0829 
 
After annealing, fig. 2 (b) shows that the cubic CdS phase eventually gives way to the hexagonal 
phase in a thermally-induced re-crystallization process. Only the diffraction peaks belonging to 
the hexagonal CdS are present in the diffraction patterns. It should be noted at this point that the 
presence of mixed cubic and hexagonal phases in as-deposited CdS and transformation to pure 
hexagonal phase after annealing is well-known for CdS electrodeposited using cadmium chloride 
precursor, FTO substrate and under the conditions similar to the ones used in the present work 
[17, 30, 31]. The characteristic peaks of the hexagonal phase emerge gradually as Ga 
concentration increases, with the clearest features at a Ga concentration of 0.012 M. The 
resulting hexagonal CdS phase now has the preferential orientation of its crystallites in the (002) 
crystal plane. The results of evaluation of the structural parameters based on this peak are 
presented in Table 2. 
 
Table 2 Structural parameters of annealed un-doped and Ga-doped CdS samples with pure 
hexagonal phase. The (002) peak is used for the analysis. 
Ga conc 
(M) 
2θ (°) 
Ref = 26.49° 
FWHM 
(°) 
D 
(nm) 
d (Å) 
Ref = 3.36 Å 
Lattice constant (Å) 
Ref : a=b=4.14 Å Ref: c=6.72 Å 
0.000 26.65 1.6544 5 3.34 4.09 6.68 
0.003 - - - - - - 
0.004 26.69 1.5374 5 3.34 4.07 6.67 
0.006 26.72 1.1865 7 3.33 4.09 6.66 
0.012 26.79 0.3718 22 3.32 4.07 6.65 
Reference JCPDS file for hexagonal CdS: 01-075-1545 
The results show in the first place, that the lattice parameters are comparable with those of the 
earlier mentioned reference file. Again, all the lattice parameters (a = b, c and d) are smaller in 
value compared to those of the reference file, while the 2θ values are rather higher than those of 
the reference file. There is no definite trend in the variation of lattice constants a = b with Ga 
concentration. However, the lattice parameter (c) and inter-planar spacing (d) both decrease 
gradually as Ga concentration increases. Again, these results support the substitutional 
incorporation of Ga into Cd site in the CdS lattice. The obtained crystallite sizes for the un-doped 
and Ga-doped hexagonal CdS are all smaller than the corresponding values in the cubic phase, 
and range from 5 nm to 22 nm. They also increase gradually as concentration of Ga in the 
deposition electrolyte increases. 
Figure 3 shows the optical absorbance of (a) as-deposited CdS:Ga and (b) annealed CdS:Ga 
films with different Ga concentrations from 0.0 M to 0.012 M. Fig. 3 shows that the presence of 
GaCl3 in the deposition electrolyte and therefore incorporation of Ga into CdS results in increase 
in absorbance of the resulting CdS films. For the as-deposited films, there is a substantial 
increase in absorbance of the Ga-doped CdS in the wavelength range greater than the CdS 
absorption cutoff wavelength (i.e > 500 nm). This increased absorption tail in the long 
wavelength region is attributed to the presence of significant amount of scattering centers in the 
as-deposited films as a result of the incorporation of Ga as well as the presence of mixed phases 
of cubic and hexagonal structures. Therefore fig. 3 (a) shows higher absorbance for all the Ga-
doped films compared to the un-doped one. This indicates that the doped film have relatively 
higher thicknesses arising from higher deposition rate as a result of the presence of Ga in the 
electrolytic bath and the subsequent incorporation of Ga in the films. Fig. 3(a) also shows a 
steady increase in absorbance as Ga concentration increases. Fig. 3 (b) generally shows a 
reduction in absorbance across the entire wavelength range for the Ga-doped samples, although 
the un-doped sample shows a slight increase in absorbance near 300 nm wavelength. The 
significant reduction in absorbance is attributed to reduction in scattering centers and presence of 
single phase (hexagonal) occasioned by re-crystallization on annealing. Again, as in the as-
deposited films, the spectra show a general increase in absorbance as Ga concentration in the 
electrolytic bath increases. The absorption edges become more clearly defined for all the films 
after annealing.  
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Fig. 3 Optical absorbance of (a) as-deposited and (b) annealed CdS:Ga films as a function of 
electrolytic Ga concentration.  
Figure 4 shows the graphs of square of absorbance vs. photon energy for the estimation of 
energy bandgap of the CdS films. This is a very convenient and easy way of estimating energy 
bandgap of semiconductors without actually plotting (αhν)2 vs. hν, which requires determination 
of the thickness of the films and calculating absorption coefficient. The results obtained with this 
plot are comparable with those obtained from the actual Tauc plot involving (αhν)2 vs. hν, where 
hν is the photon energy [30 - 32]. The absorption edges of the as-deposited CdS:Ga films in fig. 
4(a) are not very well defined compared to those of the annealed films (fig. 4 (b)) as mentioned 
earlier. However, extrapolation of the straight line portion of the graphs immediately after the 
absorption edges, to the photon energy axis, gives the energy bandgaps of the films. Fig. 4 (a) 
and (b) both show the absorption of the films to follow the concentration of Ga in the deposition 
electrolyte, just as was seen in fig. 3. That is to say that the absorption increases as Ga 
concentration increases. The energy bandgap values estimated from fig. 4 (a) and (b) for both as-
deposited and annealed films as a function of Ga concentration in the electrolyte are presented in 
fig. 5. The error in the bandgap measurement is ±0.02 eV. In as-deposited form, the energy 
bandgap of the Ga-doped films are generally smaller than that of the un-doped film, with the un-
doped film showing a bandgap value of about 2.50 eV. 
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Fig. 4 Graph of square of absorbance vs. photon energy for (a) as-deposited and (b) annealed 
CdS:Ga films as a function of Ga concentrations in the electrolytic bath. 
The values for the doped films are in the range (2.04 – 2.32) eV, with specific values of 2.25 eV, 
2.08 eV, 2.04 eV and 2.32 eV for films with Ga concentrations of 0.003 M, 0.004 M, 0.006 M 
and 0.012 M, respectively. These values gradually decrease as Ga concentration increases up to 
0.006 M and then begin to increase for Ga concentration of 0.012 M.    
After annealing, fig. 5 shows that there is a reduction in the bandgap of the un-doped film from 
2.50 eV to around 2.38 eV, while there is a general increase in the values for the doped samples, 
with a considerable narrowing of the range to (2.36 – 2.43) eV. The specific values become 2.42 
eV, 2.43 eV, 2.39 eV and 2.36 eV for 0.003 M, 0.004 M, 0.006 M and 0.012 M Ga 
concentrations, respectively. The bandgap gradually increases with Ga concentration up to Ga 
concentration of 0.004 M, and then gradually decreases beyond this limit to attend the lowest 
value of 2.36 eV with Ga concentration of 0.012 M. The highest bandgap of 2.43 eV corresponds 
to Ga concentration of 0.004 M. This is followed by a value of 2.42 eV for Ga concentration of 
0.003 M. These two bandgap values are roughly equal to the bulk bandgap of CdS, which is 
generally taken to be 2.42 eV. Since the best CdS films are obtained after post-deposition 
annealing, it can be said that the incorporation of Ga into CdS films leads to increase in bandgap, 
making the Ga-doped materials more beneficial in photovoltaic application as a window/buffer 
material. 
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Fig. 5 Energy bandgaps of as-deposited and annealed CdS:Ga as a function of Ga concentration 
in the electrolytic bath. 
This is expected to improve the photocurrent generation of the solar cell, and therefore the short-
circuit current density and in turn the conversion efficiency. It is important here to note that the 
energy bandgap values reported here appear to be under-estimated because of the glass/ITO 
substrate used. For example, we have repeatedly reported a bandgap value of about 2.42 eV after 
annealing for un-doped CdS grown on glass/FTO substrate using similar conditions as reported 
in the present work [17, 30, 33], as against the value of 2.38 eV in the present work.  We 
however attribute this relatively lower bandgap value to the effect of the ITO substrate on these 
films. Similar results due to the effect of substrate have been reported by other researchers [34] 
in which they have reported similar lower bandgap of un-doped CdS (even lower than we have 
reported) on ITO and wider bandgap (similar to what we have reported earlier) on FTO. We have 
also recently demonstrated the significant effect of TCO substrates on fully fabricated CdS/CdTe 
solar cells [35]. We therefore attribute the lower bandgap (2.38 eV) of un-doped CdS in the 
present work to the effect of the ITO substrate used. This effect is also evident in the amorphous 
XRD pattern of this un-doped film as we have seen earlier, and very smooth (with no visible 
grains) SEM image of this same sample, as we shall see in the discussion on SEM result, as 
compared to that of CdS on FTO as we have reported previously in refs [17, 30, 33]. Based on 
the above, the increase in bandgap we are reporting for Ga-doped CdS films is with respect to the 
un-doped CdS in the present work. We therefore believe that if this work is repeated using FTO 
substrate, the improvement in bandgap with respect to un-doped CdS will still be clearly evident. 
It may also be necessary to note that other workers [23, 24, 25] before us have generally reported 
decreased energy bandgap with Ga doping and generally lower bandgap for both un-doped and 
Ga-doped CdS in the range (2.12 eV -  2.32 eV) using other techniques, with only one group [23] 
reporting bandgap of 2.41 eV for un-doped CdS. In the present work, we are reporting 
improvement in bandgap with Ga doping using electrodeposition technique. 
This observed bandgap increase as a result of incorporation of Ga dopants (with up to 0.006 M 
Ga concentration in the electrolyte) can be explained by the well-documented Burstein-Moss 
effect which is increase in energy bandgap as a result of band filling, whereby increased n-type 
doping of a semiconductor results in electrons from the dopant atoms occupying/filling the 
lowest energy levels near the bottom of the conduction band. This results in the Fermi level 
moving into the conduction band above these occupied energy levels. Thus, optical transition 
involves higher empty band states in the conduction band, resulting in a blueshift of the 
fundamental absorption edge. This phenomenon is said to be made possible due to the low 
effective mass of the conduction band electrons [36, 37]. This was first observed in InSb [36, 37] 
and has also been reported for In-doped CdS [38]. 
The gradual bandgap reduction for higher Ga concentrations of 0.006 M and 0.012 M can also be 
explained to be as a result of bandgap renormalization [39]. This phenomenon is said to be as a 
result of mutual exchange and Coulomb interaction between the excess free electrons in the 
conduction band and electron-ionized impurity scattering, which causes a decrease in the energy 
of the conduction band minimum (in the case of n-type doping) and an increase in the energy of 
the valence band maximum (in the case of p-type doping) [39]. 
Figure 6 shows the optical transmittance of the un-doped and doped CdS films in both as-
deposited and annealed forms. The as-deposited and Ga-doped films in fig. 6 (a) show very poor 
transmittance compared to the un-doped film. This is attributed to high density of scattering 
centers in these materials as a result of Ga incorporation. The transmittance tends to decrease as 
Ga concentration in the electrolyte increases. After annealing, however, fig. 6 (b) shows a drastic 
improvement in transmittance especially for the Ga-doped films, indicating a substantial 
reduction in the scattering centers. The transmittance also roughly follows the Ga concentration, 
slightly decreasing as Ga concentration in the electrolyte increases, with the un-doped film 
having the highest transmittance. In any case, the transmittance levels observed for both doped 
and un-doped films are significantly high enough for solar cell application even at the long 
deposition time of 45 minutes used (indicating considerably high thickness). As mentioned 
earlier in the experimental details section, these transmittance values can still be improved 
significantly by reducing the deposition time to few minutes which will also have the effect of 
reducing the film thickness. In addition, the slight improvement in energy bandgap over the un-
doped film, for moderately doped films will help to balance the effect of the slight decrease in 
transmittance for doped films. 
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Fig. 6 Optical transmittance of un-doped and Ga-doped CdS in (a) as-deposited and (b) annealed 
forms, as a function of Ga concentration in the electrolytic bath. 
Figure 7 shows the room temperature photoluminescence spectra of the annealed CdS:Ga films 
as a function of Ga concentration in the deposition electrolytic bath. The PL spectra were 
recorded in the wavelength range of 400 nm – 600 nm, using an excitation wavelength of 338 
nm. All doped and un-doped CdS films show a single PL peak in the wavelength range of (519 – 
526) nm, corresponding to the green emission, with all the Ga-doped films generally having their 
peak centers shifted towards lower wavelengths below that of the un-doped film (which is 526 
nm). Again, the peak intensities generally increase as Ga concentration increases, indicating an 
improvement in the green emission for possible light emitting diode application. This observed 
general trend suggests that the amount of Ga incorporated into the CdS is in fairly direct 
proportionality with the concentration of Ga in the deposition electrolytic bath. A summary of 
the PL peak analysis is presented in Table 3.  
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Fig. 7 Room temperature photoluminescence spectra of the annealed un-doped and doped CdS 
films with different concentrations of Ga in the deposition electrolyte. 
 
A close look at Table 3 shows that the peaks of all the Ga-doped CdS become narrower 
compared to the un-doped sample, as can be seen from the FWHM values. Also the shifting of 
the peak centers of Ga-doped films towards lower photon wavelength produces a blueshift in the 
corresponding peak centre energy. This is also in agreement with the trend of energy gap 
obtained from the absorption curve in figs. 4 and 5, where the bandgaps of the doped films are 
generally higher than that of un-doped film up to Ga concentration of 0.006 M. It should be 
noted that a comparison of the trend in energy bandgap and PL peak energy of Ga-doped CdS in 
the present work and those reported by previous researchers are opposite. Whereas the present 
work shows blueshift in these values, Cai et al. obtained a redshift of PL peaks in their Ga-doped 
CdS nanowires grown by thermal evaporation with Ga concentrations in the range 1%, 2%, 4% 
and 8%, thus indicating a narrowing of bandgap with Ga incorporation [26]. Khallaf et al. also 
reported bandgap narrowing of their Ga-doped CBD-grown CdS thin films [23]. In the same 
vein, Yang et al. reported bandgap shrinkage in their Ga
solvothermal method [25].  
 
Table 3 Summary of PL peaks 
annealed CdS:Ga films as a function of
 
Figure 8 shows the representative energy dispersive X
the CdS:Ga films have similar EDX spectra, and for this reason as well as to save journal page, 
only one representative spectrum is presented here. The spectrum clearly s
all three elements of interest (Cd, S and Ga). The percentage atomic composition of all the CdS 
and CdS:Ga films in both as-deposited and annealed forms are summarized in Table 4.
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Table 4 Percentage atomic composition of CdS:Ga films grown with different Ga concentrations 
 
 
 
 
 
 
In as-deposited form, all the films are Cd-rich with Cd and S atomic compositions fairly 
decreasing as Ga concentration in the electrolyte increases, as shown in fig. 9 (a). On the other 
hand, the atomic concentration of Ga fairly increases as molar concentration of Ga in the 
electrolyte increases as shown in fig. 10. The slight distortion in these trends for Ga 
concentrations of 0.006 M and 0.012 M is attributed to non-homogeneity of the films (as well as 
presence of mixed phases) in as-deposited form. To certain extent, electrodeposited materials are 
known to show their best quality after post-deposition annealing process, which ensures 
homogeneity of the materials as a result of thermally-induced re-crystallization. This is partly 
because these materials are grown at relatively low temperature, compared to materials grown by 
other advanced techniques under vacuum condition. 
In annealed form, Table 4 and fig. 9 (b) also show that percentage atomic compositions of both 
Cd and S decrease as molar concentration of Ga in the electrolyte increases, with a slight 
deviation in the case of S for the sample grown with 0.003 M Ga. The materials are again Cd-
rich in general. In the case of atomic percentage of Ga, there is a continuous increase as molar 
concentration of Ga in the electrolyte increases as shown in fig. 10. There is therefore a clear 
direct relationship between the molar concentration of Ga precursor in the deposition electrolyte 
and the actual amount of Ga atoms incorporated into the deposited films. Fig. 10 also shows that 
there is a general decrease in the percentage atomic Ga composition in the films after annealing 
except for the film grown with 0.012 M Ga concentration, in which case the percentage atomic 
concentration of Ga is higher in the annealed film than in the as-deposited one. Although EDX is 
not a very precise technique for quantitative analysis of chemical composition of these films, it 
however provides a qualitative insight into the composition of these materials.  
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Fig. 9 Percentage atomic concentration of Cd and S in (a) as-deposited and (b) annealed CdS:Ga 
films, as a function of molar concentration of Ga in the deposition electrolyte. 
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Fig. 10 Percentage atomic cocentration of Ga in as-deposited and annealed CdS:Ga films as a 
function of molar concentration of Ga in the deposition electrolyte. 
 
  
  
  
 
 
   
Fig. 11 SEM images of as-deposited and annealed CdS:Ga grown with different Ga 
concentrations in the electrolyte. 
 
0 M Ga 
As-deposited 
0 M Ga 
Annealed 
0.003 M Ga 
As-deposited 
0.003 M Ga 
Annealed 
0.004 M Ga 
As-deposited 
0.004 M Ga 
Annealed 
0.006 M Ga 
As-deposited 
0.006 M Ga 
Annealed 
0.012 M Ga 
As-deposited 
0.012 M Ga 
Annealed 
Figure 11 shows the surface SEM images of the un-doped and Ga-doped CdS films in both as-
deposited and annealed forms. The image of the un-doped film in as-deposited form shows a 
highly uniform, dense and pinhole/crack-free deposit with no visible grains. It can be recalled 
that XRD of this same sample shows it to be amorphous or weakly crystalline, thus corroborating 
this observed smooth surface without visible grains. After annealing, fig. 11 shows that the film 
gradually begins to show evidence of grain size distribution. With the incorporation of Ga into 
the films, the rest of the images show clear indication of grains although the sizes of these grains 
are difficult to estimate. After post-deposition annealing, the surfaces of the films appear to be 
smoother. However, as the Ga-content of the deposition electrolyte increases beyond 0.004 M, 
the film surfaces begin to show very visible cracks, indicating two possibilities. One possibility 
is that Ga concentration beyond 0.004 M in the deposition bath is not helpful in producing films 
with crack-free surfaces. The second possibility is that the annealing conditions applied to these 
films (400 °C for 20 minutes) are not favorable to the films beyond 0.004 M of Ga concentration. 
Between these two situations, the more probable case seems to be the first as the cracks are not 
observed in all the annealed films. 
This situation has severe implications in device application such as in solar cell fabrication. In 
this case, the cracks will provide unwanted shunting paths when these films are used as 
window/buffer layers. This will have direct negative impact on the open-circuit voltage and fill 
factor and therefore resulting in very poor cell efficiency. To avoid this adverse effect, there are 
two possibilities. One is not to have more than 0.004 M Ga in the deposition bath. Next is to 
grow the films for few minutes so that very small amount of Ga gets incorporated into the films, 
as the amount of Ga incorporated into the film is also a function of deposition time. 
 
4 Conclusion 
Ga-doping of CdS thin films has been effectively achieved using the electrodeposition method, 
with glass/ITO as substrate and GaCl3 as source of Ga ions, for the first time. The increase in the 
concentration of GaCl3 in the deposition electrolyte from 0.0 M to 0.012 M, results in increase in 
the amount of Ga atoms incorporated into the deposited CdS films. XRD results show that the 
incorporation of Ga into the CdS films helps in the crystallization of the films. The CdS:Ga films 
crystallize in mixed cubic and hexagonal phases in as-deposited form, under the conditions used, 
but transform into the pure hexagonal crystal phase after post-deposition annealing. Optical 
characterization shows that incorporating Ga into CdS films slightly increases the energy 
bandgap of the CdS relative to the un-doped sample in accordance with the Burstein-Moss effect, 
therefore making these films advantageous for application as window/buffer layers in solar cells. 
Room temperature PL measurements of all the doped and un-doped films show only a single 
green light emission peak with peak centre energy values supporting the Burstein-Moss effect in 
the doped films. Results of SEM imaging of the film surfaces indicate that Ga incorporation with 
GaCl3 concentrations above 0.004 M may not be suitable for device application due to the 
existence of cracks in the films. This work goes a long way to showing one of the strengths of 
the electrodeposition technique (i.e. the ease of doping) as a semiconductor growth technique for 
device application. Further work on this project will be geared towards optimization of the 
growth and processing conditions as well as incorporation of these films into CdTe-based solar 
cells in order to fully explore their potentials. 
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